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Free-Radical Production and Oxidative
Reactions of Hemoglobin
by Christine C. Winterbourn*
Mechanisms ofautoxidation ofhemoglobin, and its reactions with H202, 02-, and oxidizing or reducing
xenobiotics are discussed. Reactive intermediates of such reactions can include drug free radicals, H202,
and 2-, as well as peroxidatively active ferrylhemoglobin and methemoglobin-H202. The contributions
of these species to hemoglobin denaturation and drug-induced hemolysis, and the actions of various
protective agents, are considered.
The red blood cell has been extensively studied both
as a source offree radicals and as atarget for oxidative
damage. This is largely because awide variety ofdrugs
and xenobiotics that can undergo oxidation-reduction
reactions have been found to cause red cell destruction
and hemolytic anemia. Interaction between the xeno-
biotic and hemoglobin is of prime importance in the
process, which is usually characterized by hemoglobin
oxidation to methemoglobin, and formation within the
red cells of Heinz bodies, inclusions of denatured and
precipitated hemoglobin. The incidence of this type of
anemiafirst became apparent in dye orrubber industry
workers exposed to compounds such as aniline and its
derivatives (1). Subsequently, it attracted more atten-
tion when individuals with glucose-6-phosphate dehy-
drogenase (G6PD) deficiency wererecognized tobesus-
ceptible to hemolysis induced by antimalarial drugs (2).
Recent studies also suggest that environmental pollu-
tants can give rise to intraerythrocytic hemoglobin ox-
idation (3).
There is an extensive literature on compounds ca-
pable of undergoing redox reactions with hemoglobin,
both in vitro and in vivo, and for a comprehensive sur-
vey up to 1974, readers are referred to an excellent
reviewby Kiese (1). Inthe past 10years, developments
in our understanding ofthe mechanisms ofthese reac-
tions relate particularly to the use of superoxide dis-
mutase as a probe for superoxide involvement and of
electron spin resonance (ESR) techniques for identify-
ing free-radical intermediates.
Before discussing various reaction mechanisms, I
shall define the terms used for the various oxidized
hemoglobin derivatives. Methemoglobin (Hb3+) is the
reversibly formed ferric derivative in which the six co-
ordination position ofthe heme iron is occupied by OH-
or H20. Ifthe globin structure is destabilized or a suit-
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able ligand is available, methemoglobin can convert to
hemichrome, in which either the distal histidine or an
external ligand occupies the sixth coordination posi-
tion.(4). Hemichromes can be formed reversibly or ir-
reversibly. They tend to be unstable and to precipitate
readily and are the main constituent of Heinz bodies
(5,6). Choleglobin is a loose term used to describe den-
aturedhemoglobin inwhichtheporphyrinringhasbeen
hydroxylated or broken open (7). This is thought to
occurthroughinternalperoxidationbyHb3+H202. Fer-
rylhemoglobin, represented as Fe4+, is equivalent to a
Hb2'H202complex(peroxidasecompound II), although
it appears to be unable to produce H202 by dissociation
(8-10). Hb3+H202 refers to a short-lived ferryl radical
internediate producedinthereactionofmethemoglobin
with H202 (9,10). Absorption spectra of some of these
species are shown in Figure 1.
Hemoglobin Autoxidatior
Although predicted by Weiss (11), it was first shown
by Wever et al. (12) and Misra and Fridovich (13) that
the superoxide radical (02) is produced when oxyhem-
oglobin autoxidizes. It was subsequently shown that
this 02, and the H202 produced from it, in the absence
ofcatalase or superoxide dismutase, cause oxidation of
further hemoglobin (14-16). The mechanism can there-
fore be written
Hb2+02-Hb3+ + 02-
2H+ + 0- + Hb2+02 -. Hb3+ + 02 + H202
H202 + 2Hb2+02 -- 2Hb3+ + 202 + 20H-
(1)
(2)
(3)
Because reaction (2) is slow, it occurs in competition
with reaction (4)
20- +2H+-H202 + 2 (4)C. C. WINTERBOURN
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FIGURE 1. Absorption spectra of approximately 10 ,M oxyhemo-
globin (1), methemoglobin (2), hemichrome (3), and ferrylhemo-
globin at pH 7.4.
without changingthe overall stoichiometry. The rate of
autoxidation increases as the pH is lowered, and also
as P02 decreases, reaching a maximum at approx. half
saturation (17,18). For this reason, there is some un-
certainty whether reaction (1) occurs as shown, or is a
reaction between deoxyhemoglobin and molecular oxy-
gen (19,20). Regardless of the mechanism, however,
autoxidation, and thus 02- production, are highest in
partially deoxygenated blood. The mechanism of reac-
tion (3) has not been studied during autoxidation. How-
ever, Whitburn (21) has shown that ferrylmyoglobin is
produced as an intermediate in the equivalent reaction
between oxymyoglobin and H202, suggesting that re-
action (3) occurs by a similar mechanism:
Hb2+02 + H202 -- Hb4+ + 02 + 20H- (5)
Hb4+ + Hb2+02 -- 2Hb3+ + 02 (6)
If this is the case, virtually all the ferryl species must
react with oxyhemoglobin to account for the observed
stoichiometry of autoxidation (18):
2H+ + 4Hb2+02-- 302 + 20H- (7)
Reactions of H202 with Hemoglobin
Some ferrous complexes react with H202 to give the
hydroxyl radical (OH') and thispossibility could be con-
sidered for hemoglobin. However, ifthis were a major
pathway, thestoichiometryofreaction(7)wouldrequire
almostallthe OH formedto causeheme oxidation. This
would not be expected in view ofthe high reactivity of
OH', favoring reactions within the heme pocket before
the radical could escape (9).Spectral changes with oxy-
myoglobin and H202 indicate formation of the ferryl
species, which is reasonably stable with excess H202,
but gradually converts excess oxymyoglobin to met-
myoglobin (20). Ferrylhemoglobin and ferrylmyoglobin
also oxidize a variety of electron donors including as-
corbate, quinols, iodide and ferrocyanide (8).
The peroxidative activity ofmethemoglobin and met-
myoglobin has been well studied (8-10,21-24). It was
first suggested by George and Irvine (8) that the re-
action between metmyoglobin and H202 might produce
OH'. They observed ferrylmyoglobin as a product, a
metmyoglobin:H202 stoichiometry of approximately
1:1, and evidence ofashort-livedreactive intermediate.
However, it was subsequently shown that the inter-
mediate is equivalent to an Hb3"H202 complex, with
one oxidizing equivalent located on the heme (ferryl)
and one on the globin, i.e., giving a ferrylheme-globin
radical(9,10). Theradicalnatureofthisspecieshasbeen
observed by ESR spectroscopy, with both hemoglobin
andmyoglobin(23-25). Theradicalappearstobelocated
initially on a histidine or phenylalanine residue, then
shifts to a tyrosine (25). In theory, it could arise from
OH' produced in the heme pocket, but there is no proof
of this. (This species is different from the Fe3 H202
complex of horseradish peroxidase, in which both oxi-
dizingequivalents are associated withthe heme group.)
This radical intermediate undergoes a number of re-
actions, including
Hb3-H202 + Hb3+ -* 2Hb4+ + 20H- (8)
and radical dismutation and other reactions that give
risetoirreversibly oxidized hemederivatives, e.g., cho-
leglobin ormodifiedglobins. Globincross-linkingresults
from one such reaction(26). With myoglobin, at least 10
steps in the overall reaction have been identified (10).
This short-lived methemoglobin-peroxide radical
should also be a strong oxidant of exogenous electron
donors (27) and is a likely contributor to redox drug-
hemoglobin reactions.
Thus any reaction involving oxyhemoglobin or met-
hemoglobin and H202 can produce these oxidizing spe-
cies which are capable ofat least some ofthe reactions
of OH' radicals. For example, H202 and either hemo-
globinspeciesreadilyoxidize methionaltoethylene(28).
Before other reactions involving hemoglobin can be at-
tributed to OH', therefore, hemoglobin-peroxide com-
plexes must be excluded. Furthermore, these species
must rank highly in ability to cause cell damage, and
whether OH' is also formed may not be of crucial im-
portance.
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Reactions of 02- with Hemoglobin
02-, in addition to oxidizing oxyhemoglobin [reaction
(2)], can also reduce methemoglobin (14).
O- + Hb3+ + Hb2+O2
0
ON
NH, N H
(9)
Both reactions are relatively slow (29); at pH 7.8, k2 =
6 x 103/M-sec andkg = 4 x 103/M-sec. Thismeansthat
in concentrated hemoglobin solutions (as in the red cell)
O2 will react predominantly with hemoglobin, but in
more dilute solutions, most will spontaneously dismu-
tate. In the red cell cytoplasm, however, sufficient su-
peroxide dismutase is present to outcompete hemoglo-
bin for more than 99% ofany 02 produced (29). Since
02- reacts with oxyhemoglobin and methemoglobin at
almostthesamerate, itcannotcausecompleteoxidation
or reduction. Provided H202 is removed with catalase,
continued exposure to 02- will produce a steady-state
mixture containing approx. 40% methemoglobin.
Redox Reactions of Hemoglobin
with Xenobiotics
Hemoglobinreactswithawidevarietyofredoxactive
compounds. These compounds can be either reducing
agents or oxidizing agents, and the reactions are pre-
dominantly oftwo types: either oxidation ofthe former
by the heme-bound oxygen, or reduction of the latter
by the heme iron. Other compounds may react only
slowly with hemoglobin directly, but cause heme oxi-
dation through generation of H202.
Some compounds such as phenylhydrazines, hydrox-
ylamines and quinones, react directly with hemoglobin
(1,30). Others, e.g., anilie and other substituted aro-
matics, are active in vivo but not in vitro because they
first require metabolism. This commonly involves en-
zymatic deacylation and/or N- orring-hydroxylation by
the cytochrome P450 system, predominantly in the
liver. Intothiscategoryfallanumberofdrugsincluding
primaquine, sulfanilamide, dapsone and phenacetin
(1,2). Thus the ability of such drugs to cause
methemoglobinemia or hemolysis will depend on the
efficiency ofthese metabolic pathways as well as on red
cellfactors, both ofwhich could be sources ofindividual
varation.
Reactions Mediated Through H202
Reduced glutathione (GSH) can cause the oxidation
anddenaturationofhemoglobin(inadditiontoitsability
to reduce methemoglobin). Almost all the heme oxida-
tion is inhibited by catalase and, therefore, primarily
due to H202, presumably formed on autoxidation of
GSH (31). Another compound oftoxicological interest,
whose effects onhemoglobin areprimarily mediated by
H202, is divicine (I). Divicine, along with the structur-
ally related isouramil, is responsible for red cell hem-
olysisinsusceptibleG6PD-deficientindividualswhoing-
est fava beans (32). Divicine readily autoxidizes in
solution. The initial step in this reaction is metal ion-
catalyzed and proceeds by a chain reaction with 02- as
an intermediate (33). H202 is produced in this reaction,
and in hemoglobin solutions is responsible for the ac-
celerated heme oxidation. Thus catalase inhibits this
reaction, as does superoxide dismutase by inhibiting
divicine autoxidation and thence H202 production.
Reaction of Oxyhemoglobin with Reducing
Agents
MostdrugsthatcauseHeinzbodyformationandhem-
olysis in G6PD deficiency, as a result of metabolic hy-
droxylation, react by this mechanism (1,34). It is typ-
ified by the reactions ofphenylhydrazine (PH) (II) and
acetylphenylhydrazine (APH) (III), which I shall dis-
cuss in some detail. The reactions of other compounds
follow the same general pattern, although as aresult of
differences in reactivity or stability of internediates,
the end result can vary considerably. For example, the
proportions of methemoglobin, hemichrome and chole-
globin produced vary for different compounds, and rad-
ical scavengers in some cases accelerate, and in others
protect against hemoglobin oxidation and denaturation.
NH-NH,
I1
~~-NH-NHCOCH,
III
The hemoglobin spectralchanges caused byAPH (35)
are shown in Figure 2. Similar changes are seen with
PH but they occur about 40 times faster (36). They
indicate the formation of predominantly hemichrome,
with the shoulder at 630 nm indicating some methe-
moglobin (relatively more with APH than PH). The
broad increase in absorbance evident above 650 nm rep-
resents modified porphyrin derivatives such as chole-
globin. N-Phenylheme derivatives have also been de-
tected with PH (37) and would contribute to this
absorbance. Benzene and N2 are also formed in the PH
reaction (1,34,38), as are H202 and 02 (39-41) and the
phenyl radical has been detected by ESR and spintrap-
ping (42). Oxidation of PH follows the sequence
PhNHNH2 -_ PhN =NH - PhH + N2
Breakdown of the diazine (PhN=NH) is fast and 02--
dependent, but it is stabilized in the presence of met-
hemoglobin by formation of hemichrome (43-46). With
APH the diazine also forms hemichrome, but does not
readily break down to benzene (44). H202 and 02 have
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What is not clear is whether a methemoglobin-H202
complex is formed as shown in reaction (11) and then
dissociates [reaction (12)], orthe reverse. Reactions at-
tributable to Hb3"H202 include choleglobin formation
due to internal peroxidation of the porphyrin. Such
changes are slowed but not prevented by catalase or
CN-, suggesting at least some direct production ofthe
complex. The initial products ofthe reaction are all ca-
pable ofundergoingfurtherreactions, withthemselves,
with the initial reactants, and with 02, giving rise to
other radicals such as the phenyl radical and 02 and
reactive internediates such as the diazine and hemo-
globin-peroxide complexes. It is probably not possible
to give a complete sequence ofevents occurring during
the reaction, since these intermediates will react non-
selectively with many components ofthe system. How-
ever, the reactions of the heme groups, and those re-
sulting in free radical production, should be reasonably
represented by the scheme summarized in Eqs. (11)-
(21).
S 60" 760
WAVELENGTH nm
FIGURE 2. Spectral changes after reacting oxyhemoglobin (6 ,uM)
with acetylphenylhydrazine (0.67 mM) for 30 min at 370C (35): (1)
oxyhemoglobin; (2) plus APH; (3) plus APH + superoxide dis-
mutase; (4) plus APH + catalase.
also been detected with APH (35,47). Itano and Matte-
son (36) have interpreted the spectral changes differ-
ently, as indicating one reaction product that is none of
those considered above, based on the maintenance of
isosbestic points duringthe courseofthereaction. How-
ever, this would also be the case if a complex mixture
of products were formed in constant proportion. They
also concluded that methemoglobin is not an important
intermediate, since they could see little effect of CN-
(36). However, with PH or with APH and CN- (48 and
C. Winterbourn, unpublished), cyanmethemoglobin can
be a major reaction product, suggesting that methe-
moglobin is on the main reaction pathway.
Thus although some authors (46,49) have proposed
that the initial reaction ofPH with oxyhemoglobin is a
2e- oxidation
PhNHNH2 + Hb2+02 + H+ -.PhNHNH + HbV++ H202
Hb3-H202++ Hb3+ + H202
Hb2+02 + H202 -* Hb4+ + 02 + 20H-
PhNHNH- + Hb2+02 + H+ -*
PhN =NH + Hb3+ + H202
Hb3+ + PhN=NH -* Hb3+PhN=NH (hemichrome)
PhNHNH- + 02 PhN=NH + 02
PhN=NH + 02- Ph + 02 + N2 + H+
Hb3+H202 -. choleglobin
Hb3-H202 + RH2 or
Hb4+ + RH2 or.
Hb4+ + RH- + 2H20
Hb3+ + R2+ + 2H20
[b3+ + RH- + H+
(11)
(12)
(5)
(13)
(14)
(15)
(16)
(17)
(18a)
(18b)
(19a)
(19b)
PhNHNH2 + Hb2+02--* Hb4+ + PhN=NH + H202 (10)
the bulk of current evidence (35,41,42,48,50) with PH
and other reducing agents favors le- oxidation by the
heme-bound oxygen, producing a free-radical interme-
diate, methemoglobin and H202 [reaction (11)]. Kawan-
ishi and Caughey (51) have studied the kinetics ofthis
reaction withFe(CN)5H20'. Itsreaction with oxyhem-
oglobin (in the presence of catalase) is uncomplicated
by formation of intermediate radicals or heme-binding
products, and in this case the only products are met-
hemoglobin, H202 and Fe(CN)5H20
Ph- + heme -. N-phenyl heme
PhNHNH2 + 2Hb3+ 2Hb2+ + PhN = NH
(20)
(21)
RH2 in reactions (18) and (19) could be any oxidizable
group, including PH itself or susceptible groups on the
protein. Such groups are also targets for the free rad-
icalsproduced inthe reaction. With PH there is sugges-
tive evidence for such modifications to the globin struc-
ture, resulting in decreased stability of hemichrome
z
44 2 a
a
49
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(35). Hemichrome formed in the reaction of oxy-
hemoglobinwith PH, although spectrally similar, isless
stable and precipitates more readily than hemichrome
formed directly from methemoglobin and phenyl
diazine. The hemichrome formed from oxyHb and PH
is considerably more stable, however, ifthe reaction is
carried outinthepresence ofcatalase orthefreeradical
scavengers, ascorbate and GSH.
WithAPH, thisoverall sequenceisapplicable, except
that reaction (15), rather than reactions (15) and (16),
is likely to be the main source ofO2-, and reaction (20)
shouldhavelimitedsignificance. Itispossible, however,
that other radicals apart from phenyl could also react
directlywiththeporphyrinring. Intermsofthegeneral
applicability ofthis sequence, main sources ofvariation
will be that some compounds form oxidation products
which are either stable, orpoor ligands for hemichrome
formation.
Reactions (16) and (20) or reaction (14) will not then
be important. Other differences will relate to the rates
of the different steps. The effects of catalase on the
reactionillustratethispoint. WithAPH, hemeoxidation
is slowed to less than half(35), while with PH its effect
is slightly less (36). With phenylhydroxylamine (IV),
however, catalase hasnoeffect onthereactionrate(31).
(g~NHOH
IV
The effect ofcatalase will depend on the relative rates
ofreactions (11) and (5). With phenylhydroxylamine k1l
>> k5, with othercompounds the rates are presumably
more comparable. With nitrite (see below) reaction (11)
appears to be much slower, and the effect of catalase
related more to preventing reactions (18) and (19).
Superoxide dismutase has an acceleratory effect on
the reaction of APH with oxyhemoglobin (Fig. 2), but
with PH it inhibits (36). In this system O2 could either
oxidize or reduce the heme groups (slow and probably
not very significant) (29), act as a general radical scav-
enger (52), ordirectly oxidize PH (41). (It is not known
whether it can also oxidize APH.) The acceleratory ef-
fect of the enzyme could be due to its preventing O2
actingas aradical scavenger, itsinhibitory effects could
relate to prevention of PH oxidation by O2. The pos-
sibility ofsuperoxide dismutase influencing reactions of
the organic radicals with 02 (as described below) is also
possible but moreinformationis requiredbefore its role
can be fully understood.
GSH inhibits hemoglobin oxidation and denaturation
by APH, and ascorbate can be almost completely in-
hibitory (35). Elevated ascorbate can also dramatically
inhibit Heinz body formation in APH-treated red cells
(53). This protection is over and above that ofcatalase,
andistherefore notdue toH202removal. Atleast some
of the effects appear to be due to radical scavenging,
since the ascorbate radical has been detected, and as-
corbate prevents spin-trapping of the phenyl radical
(C. Winterbourn and B. Gilbert, unpublished data, but
reduction of hemoglobin-peroxide complexes, via reac-
tions (17) and (18), is also a strong possibility. The
amount of protection given by these and other radical
scavengers varies, depending on the nature ofthe par-
ticular drug, i.e., on the properties ofthe radical inter-
mediates. Ascorbate and GSH scavenge only oxidizing
radicals. GSH normally reacts by donating an electron,
ascorbate by hydrogen donation (54), so their specific-
ities will also be different. For example, N-isopropyl-
N'-phenyl-p-phenylenediamine (IPPD) (V), which is
used as arubber antioxidant, rapidly oxidizes hemoglo-
bin, and this reaction is partially inhibited by GSH but
not ascorbate (55).
,CH3 U N C NC'CH-
V
Thus xenobiotics such as PH react with oxyhemoglo-
bininacomplex, multistepprocess. Thisproducesmany
reactiveintermediates, which are responsible forhemo-
globindenaturationandpotentiallyforotherdeleterious
reactions in a red cell environment. The question has
often been asked, what is the 'damaging species' re-
sponsible for drug-induced hemolytic anemia? H202
(39,56), O2 (57-59), and the drug radicals (41,60) have
variously been proposed toifil this role. However, from
the complexity of the reaction, it is clear that no one
species can be held responsible, with H202, the drug
free radicals, peroxidation by hemoglobin-H202 com-
plexes, and hemichrome formation, all making a con-
tribution. A major feature ofdrug induced hemolysis is
the dramatic protection given by the hexose mono-
phosphate shunt (absent in G6PD deficiency). The im-
portance of this pathway for removing H202 via GSH
and GSH peroxidase is clear (39,61,62), but free-radical
scavenging and direct reduction of ferryl hemoglobin
and methemoglobin-H202 could also be major factors.
Reaction of Oxyhemoglobin with Nitrite
This reaction shows the overall characteristics ofthe
abovemechanism, butwith severaldistinctive features.
Nitrite differs from the organic reductants in giving
nearly quantitative conversion of oxyhemoglobin to
methemoglobin, and is often used experimentally for
this purpose (64). It can alpn cause methemoglobinemia
in individuals ingesting foodstuffs or drinking water
high in nitrite or nitrate (1). Nitrate in drinking water
or vegetables usually originates from fertilizers, and
high levels in well water can cause severe methemo-
globinemia ininfants. This cause ofmethemoglobinemia
was recognized in 1945, and continues to be a problem
in some areas (1). Only young infants are susceptible,
because the pH of their upper intestinal tract is high
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enoughtoharbornitrate-reducingbacteria. Afterabout
3 months of age, it appears that the pH drops below
that required for bacterial growth, and nitrate is no
longer such a problem. Even though nitrite can induce
very high levels of methemoglobin, there is little evi-
dence for hemoglobin denaturation and Heinz body for-
mation. However, nitrite increases the proteolytic sus-
ceptibilityofhemoglobin(63), suggestingthattheglobin
may be somewhat modified.
The reaction ofnitrite with deoxyhemoglobin is rea-
sonably straight-forward, producing 1 equivalent of
methemoglobin per NO2- and 1 equivalent ofNO bound
to ferrohemoglobin (1). In the presence of02, the stoi-
chiometry can be described by (64)
4HbO2 + 4N0- + 4H+ -+ 4Hb3+ + 4NO- + 02 + 2H20 (22)
The kinetics of the reaction show a characteristic lag
followed by a rapid autocatalytic phase (65,66). ESR
studies by Kosaka et al. (67) and Jung and co-workers
(68) have demonstrated the presence of a free radical
intermediate with an ESR spectrum similarto the met-
hemoglobin-H202complexduringtherapidphaseofthe
reaction, and they propose that this is the autocatalytic
agent. Kosaka et al. (69) propose the following mech-
anism:
Initiation (slow) step
Reaction of Hemoglobin with Oxidizing
Compounds
Compounds such as quinones, anthracyclines [Adri-
amycin, (VI)], methylene blue, paraquat (VII) and ni-
trofurantoin react with oxyhemoglobin by oxidizingthe
heme iron (1,72-74). Menadione (VIII), the vitamin K
analog, is a significant member of this class of com-
pound, since its administration to newborn infants can
cause hemolysis.
VI
CH3-N NC-CH3
2C1-
Vil
Hb2+02 + N0- + 2H+ -+ Hb3+H202 + NO2
Autocatalytic (fast) steps
Hb3+H202++ Hb3+ + H202
Hb3+H202 + NO- -* Hb4+ + N02 + 20H-
Hb4+ + N0- -+ Hb3+ + NO2
(12)
(18a)
(19a)
Hb12+02 + NO0 -. Hb3+ + 02 + NO (13)
Chain ternination
2N02 + H20
-- N0- + N0- + 2H+ (23)
In support of this mechanism, Kosaka et al. (69) ob-
served that catalase or CN- increased the lag period.
Jung and Spolaczyk (70), on the other hand, found that
although H202 shortened the lagphase, catalase had no
effect.
Of note is that in bistris buffer, the mechanism
changes to include an 02-dependent step (71). This ap-
pears to be a result of the hemoglobin-peroxide com-
plexes reacting with the buffer ions, presumably pro-
ducing a bistris radical that reacts with 02 to give 02
. This observation may have wider significance, since
buffer radicals could similarly affect other oxidative re-
actions ofhemoglobin.
CH,
S-Hb
IX
0
Ix
The reaction produces a free radical intermediate (the
semiquinone of naphthoquinone-6-sulfonate has been
demonstrated directly by ESR (75) which is in most
cases a reducing radical and reacts with 02 to give 02
(75,76) as in reactions (24) and (25):
quinone + Hb" 02+-* Hb3+ + 02 + semiquinone- (24)
semiquinone' + + quinone + 02 (25)
H202 can then be produced by dismutation of 02- (39),
a mixture of radicals, H202 and hemoglobin-peroxide
complexes is again obtained, and hemoglobin denatur-
ation and Heinz body formation ensues (1).
The spectral changes obtained with menadione (75)
are shown in Figure 3. With most ofthese compounds,
methemoglobin is the major product, with considerably
less hemichrome and choleglobin formation than with
phenylhydrazines. Oxidizing compounds cannot form
(10)
Vill
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FIGURE 3. Spectral changes after reacting oxyhemoglobin (6 ,uM)
withmenadione (80 ,uM)for40minat37°C (75): (1)oxyhemoglobin;
(2) plus menadione; (3) plus menadione + superoxide dismutase;
(4) plus menadione, superoxide dismutase + catalase.
phenylhydrazines. Oxidizing compounds cannot form
Hb3+H202directly, butonlybyreaction(12), which may
explain the lower choleglobin levels. Whether reaction
(24) occurs as shown or involves deoxyhemoglobin ap-
pears to depend on the oxidant. We have found that
menadione and Adriamycin do not react under N2
(72,75), whereas benzoquinone and naphthoquinone-6-
sulfonate readily react with deoxyhemoglobin (75,77).
Other authors have reported asimilarreaction for men-
adione (76). In general, reaction (24) is reversible. The
reverse, reduction of methemoglobin, has been dem-
onstrated with a variety of semiquinone radicals (78),
and with paraquat (73) and Adriamycin (72). Further-
more, hemoglobin oxidation by menadione is acceler-
ated by CN-, which traps methemoglobin and prevents
re-reduction (75).
Hemoglobin oxidation is generally inhibited by cat-
alase [approximately 50% with menadione or Adria-
mycin (72,75)], demonstratingthat further oxidation by
H202 produced during the reaction occurs (Fig. 3). Su-
peroxide dismutase, on the other hand, markedly ac-
celerates oxidation, as in Figure 3 with menadione (75),
and also with Adriamycin (72) and paraquat (73). This
cannot be attributed tothe enzyme preventing 02 from
reacting with hemoglobin. As described above, with
predominantly oxyhemoglobin present, 02 should
cause slow oxidation and superoxide dismutase would
then be slightly inhibitory.
The reason for this acceleration is clear when the
effect ofsuperoxide dismutase on the reactions ofsemi-
quinone radicals with methemoglobin is considered. A
varietyofsemiquinones, produced fromtheparent com-
poundeitherbyultraviolet or y-irradiation, orwith xan-
thine oxidase, reduce methemoglobin to (oxy)-
hemoglobin in air or N2 (72,78-80). In air, but not in
N2, these reactions are inhibited by superoxide dis-
mutase. The semiquinones, rather than 02, are re-
sponsiblefortheaerobicmethemoglobinreduction since
it is much faster than reduction by the same flux of02
and almost complete reduction can be achieved, which
is not possible with 02- (see the reactions of02 above).
The explanation is that reaction (25) is reversible, with
the position of equilibrium depending on the redox po-
tentials of the quinone and 02 Superoxide dismutase,
by removing °2, can displace this equilibrium to the
right, thus removingthe semiquinone and inhibiting its
reaction with methemoglobin (78). The superoxide dis-
mutase concentrations required to prevent methemo-
globin reduction vary for different quinones (79), and
are in close agreement with those predicted for this
mechanismfromtheirredoxpotentials andtheratecon-
stants of the semiquinone/methemoglobin reactions
(80). Superoxide dismutase also inhibits aerobic reduc-
tion of cytochrome c by semiquinone radicals (81), and
again, the rate constant and redox potential data sup-
port a similar mechanism (80).
Returning to oxyhemoglobin oxidation, it is evident
that by removing 02, superoxide dismutase will pre-
ventthereverse ofreactions (24) and (25), andthe over-
all effect will be a net increase in rate of conversion of
oxyhemoglobin to methemoglobin, as observed.
Hemoglobin also reacts with menadione and other
quinones with free 2 and 3 positions to form a thioether
(IX) with the ,-93 cysteines (75). A similar reaction is
known to occur with GSH and other thiols (1,82-84).
Whenmenadionereactswithmethemoglobin, formation
of the thioether is accompanied by heme reduction to
oxyhemoglobin (75). Blocking the ,-93 cysteines with
iodoacetamide prevents both reactions, but with GSH
added to substitute for the blocked thiols, heme reduc-
tion occurs. Superoxide dismutase does not affect
thioether formation but does inhibit heme reduction.
Thisreductionisapparentlycausedbythe semiquinone,
thus implicating the semiquinone as an intermediate in
thioether formation. Unless the P-93 thiol groups are
blocked, this reaction decreases the rate of oxyhemo-
globin oxidation by menadione. Thioether formation,
therefore, provides two mechanisms whereby com-
pounds such as menadione could be detrimental to the
cell; firstly, by blocking key thiol groups, and secondly,
as a means of semiquinone radical generation. The re-
action of oxyhemoglobin with p-aminophenols has also
been shown to produce a thioether, presumably by the
reaction of the ,-93 cysteines with the oxidized quino-
neimine form ofthe drug (85).
The reactions of some compounds with oxyhemoglo-
bin involve both oxidative and reductive mechanisms.
Hydroquinones, which form quinones on oxidation, are
one example. Another is the rubber antioxidant IPPD
(V).Both it and its oxidation product react extremely
rapidly, and the overall effect is the catalytic oxidation
ofhemoglobinby very low concentrations ofIPPD (55).
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QUINONE
OXYHEMOGLDBIN
reduction
metH
SEKIQUINONE + 0 - QUINONE + 0 2 ~~~~~2
H202, metal ion SOD
OH HO +
21 catalase
CELL DAMAGE 0 + H O
FIGURE 4. Reaction sequence showinghow superoxide dismutase (SOD) could inhibit cell dam.age by semiquinone (or other reducing) radicals.
Protective Function of Superoxide
Dismutase
Superoxide dismutase is thought to be required to
protect cells against damage by 02- It is usual to con-
sider this in terms ofreactions of 02 itself or ofmore
reactive products such as OH' fonned directly from 02T
However, the ability ofsuperoxide dismutase to inhibit
reactions of radicals such as semiquinones with met-
hemoglobin (and cytochrome c) suggests that it could
have a more general protective function against other
radical precursors or products of02-. Radical reactions
can proceed through a series of equilibria, and super-
oxide dismutase, like other enzymes, can displace such
equilibria and exert control over more than its imme-
diate substrate. In this scheme, 02- can be considered
(as illustrated in Fig. 4) as an intermediate in a radical
detoxification pathwayinvolving02, 02 andsuperoxide
dismutase (86). Although methemoglobin reduction by
semiquinones is not disadvantageous, this mechanism
provides protection against other less desirable reac-
tions of such radicals.
The assistance ofMrs. S. Scandrett in preparing the manuscript is
gratefully acknowledged.
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